and N is 30 samples. Assume that the target is moving away from the tracker at a constant velocity U, = 27.7m/s, the initial range is d, = lOOm and a sequence of range measurements u(k) = d + ukT is made every T s. Assume that the task is to estimate values of range fik). At N = 15, an abrupt change of target velocity is introduced (0, = 155m/s, with a considerable change in direction). The measured and estimated values of the discrete-time priming function were used to prime a first-order fuzzy system using z1 = 1 and T~ = 2.' Fig. 2 shows the estimated d,,,, of the priming system and the estimated x k ) of its fuzzy model. to stabilise the second-order mode has made these devices p r a~t i c a l .~ In this letter, we report a fibre-optic intermodal coupler employing a permanent index grating in an ellipticalcore two-mode fibre. The grating was formed with a period equal to the modal beat length of the fibre through a photoinduced process. It is known that germanium-doped fibre becomes lossy and/or its refractive index is changed permanently, after prolonged exposure to intense optical fields. The origin of this photoinduced effect is not fully understood, however similar gratings have been used for narrow-band reflection filtering5 and second-harmonic generation in glass fibre.6.7
The principle of inducing a periodic grating inside the fibre is as follows. In elliptical-core two-mode fibres, in contrast to circular-core fibres, the second-order LP, , mode exhibits stable propagation and beats periodically with the fundamental LP,, mode along the fibre.4 Two-mode propagation in elliptical-core fibre is illustrated in Fig. 1 
INTERMODAL COUPLER USING PERMANENTLY PHOTOINDUCED GRATING IN TWO-MODE OPTICAL FIBRE

Indexing terms: Optical fibres, Optical couplers, Optical filters
A permanent index grating with a period equal to the modal beat length is created in a germanium-doped elliptical-core two-mode fibre through a photoinduced process, to make an intermodal coupler. It can also function as an optical wavelength filter.
Recently, a new class of optical fibre devices that make use of the two lowest-order spatial modes of a two-mode fibre has been developed. '-' Particularly, the use of elliptical-core fibre instantaneous relative phase between the two modes in a given cross-sectional plane, the symmetric LP,, mode adds to the antisymmetric LP,, mode constructively on one side and destructively on the other, and vice versa. The relative phase between the two modes is given by 4 = ABz where AP is the difference in propagation constant between the two modes and z is the co-ordinate in the propagation direction. Therefore, the high-intensity lobe position in the intensity profile changes alternately along the fibre with a regular period equal to the modal beat length, L, = 27r/AB. When the two modes of the germanium-doped elliptical-core fibre are equally excited with high-power CW light for a sufficient length of time, the refractive index of the fibre core undergoes a photoinduced change and the periodically modulated intensity pattern becomes a permanent index grating of the same period. Since the grating period is the same as the modal beat length of the fibre, low intensity light propagating in the fibre and having the same wavelength as the writing beam will experience coupling between the two fibre modes.
In the experiment, we used a linearly polarised CW Ar-ion laser of 514.5nm wavelength as a writing-beam source. The fibre (provided by Polaroid Corp.) had a germanium-doped elliptical core of nominally 4.1 pm x 2.2pm dimensions, A = 3 x and cut-off wavelength for the second mode of approximately 633 nm. The modal beat length was measured to be around 200pm in the visible wavelength range. The Ar-ion laser beam was focused onto the fibre core by a 20 x microscope objective. The polarisation was oriented along the major axis of the core ellipse at the fibre input (we will henceforth refer to the major and minor axes as x and y, respectively). The linearly polarised input polarisation state was maintained over the entire length of the fibre. The writing beam was launched offset from the centre of the fibre core so that the two modes were excited with approximately equal power. Power of approximately 40mW was coupled into the fibre for 30min. An attempt was made to keep the periodic two-mode interference pattern inside the fibre unchanged in time during the exposure by shielding the fibre from air currents.
After exposure, the mode coupling characteristics of the fibre were measured using the set-up shown in Fig. 2 . Low power (less than 1mW of coupled power) from the Ar-ion laser operating at 514.5 nm was used to probe the grating. The probe beam was coupled into the writing-beam input end of the fibre. A section of the fibre near the input end was tightly coiled to strip off the LP,, mode component. Three turns of 5 mm diameter were sufficient to remove the LP, , mode component over the wavelength range from 476nm up to the cut-off wavelength. The angles of the three fibre loops were carefully adjusted and then fixed with wax, so that the probe beam having passed the LP,, mode stripper was polarised along the x-direction. Thus only the x-polarised LP,, mode propagated in the fibre after the LP,, mode stripper, and coupled to the LP,, mode of the same polarisation. This polarisation matching was necessary for the test because the photoinduced grating period, which is the same as the modal beat length for the writing-beam polarisation (x-polarisation), can be slightly different from the modal beat length for y-polarised light.
We used another LP,, mode stripper (three turns of 5mm diameter) to remove the coupled LP,, mode component, and the transmitted probe-beam power was measured from the output end of the fibre as a function of the distance between the two LP,, mode strippers. This measured output power is plotted in Fig. 3 . The transmitted power had a minimum value when the second LP,, mode stripper was located around 120cm from the first LP,, mode stripper. The minimum power in the LP,, mode was found to be 17dB below that which existed when the second LP, , mode stripper was positioned right after the first LP, , mode stripper, which corresponds to 98% conversion efficiency from LP,, mode to LP,, mode. The apparent deviation of the coupled power from an ideal sinusoidal dependency on the fibre length indicates the grating period fluctuates along the length of the fibre. This is believed to be due to external perturbations such as bends, twists and strain the fibre was subjected to at the time of grating formation. When these perturbations are removed after the grating is formed, the grating period may not provide a proper mode coupling for the probe signal. This property can be advantageously utilised to create a grating whose period is intentionally varied along the length of a fibre such as a chirped grating.
Next, the fibre was cut at the 120cm position from the first LP,, mode stripper. The output far-field patterns were observed for various wavelength lines of the AR-ion laser with only the LP,, mode stripper at the input, with the results shown in Fig. 4 . The photos in Figs. 46, c, d and e show the output patterns for wavelengths of 514.5, 501.7, 488.0 and 476.5 nm, respectively. For reference, the fundamental LP,, mode pattern at 514.5nm wavelength is shown in Fig. 4a , which was taken before the grating was formed and with an LP, , mode stripper at the input. At the writing-beam wavelength of 514.5nm (Fig. 46) , we can clearly see the LP,, mode pattern, indicating an almost complete mode coupling. At 501.7 nm wavelength (Fig. 4c) , most of the output remained in the fundamental mode. This was expected since the modal beat length differs for different wavelengths. It suggests that this intermodal coupler can function as a wavelength filter when combined with a proper modal filter. At 488.0nm wavelength (Fig. 4e) , however, we see that there is a considerable amount of coupled LP,, mode component. This phenomenon can be explained from a measurement of the modal beat length. Independent measurement of the modal beat length of this fibre'v9 showed that the minimum value happened to fall within the wavelength range from 488.0nm to 5143 nm. Also, at these two wavelengths, the modal beat lengths were measured to be equal within the measurement accuracy. This proximity in period can allow strong mode coupling even at a wavelength different from that of the writing beam. At 476.5 nm wavelength (Fig. 4e) , most of the output was in the fundamental mode, and the overall situation was similar to the case of Fig. 4c .
We have shown that a permanent periodic grating can be made by using periodic spatial mode beating in elliptical-core two-mode fibre through a photoinduced process. Conversion efficiency of 98% from LP,, mode to LP,, mode was obtained with a probe beam propagating through a 120cm-long fibre containing a grating formed by exposure to approximately 40mW power for 30min. This device could be operated as an optically broadband modal coupler or a relatively narrowband optical wavelength filter by utilising the unique wavelength dispersion of the modal beat length' of two-mode fibres. Finally, since the typical modal beat length is hundreds of times the optical wavelength, stability requirements in this process are not as severe as in the case of the reflection fibre filter of Reference 5.
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CYCLIC THREE-PHASE AMPLITUDE JITTER IN MODE-LOCKED SEMICONDUCTOR LASERS
Indexing terms: Semiconductor lasers, Lasers and laser applications, Modelling, Jitter
A numerical model of a mode-locked semiconductor laser operated at the third harmonic of its cavity resonance predicts cyclic variations in the amplitudes of the three pulses circulating the cavity. These variations are phase-locked because of coupling via the carrier density, and are explained using simple rules.
Introduction: Actively mode-locked semiconductor lasers are attracting considerable interest because they provide short optical pulses when driven from a sine-wave source.' These pulses may be used in optical time-division multiplexed (OTDM) systems.' Usually, the laser consists of an antireflection-coated laser chip coupled to an external cavity as shown in Fig. 1 . The pulse repetition frequency (PRF) of a mode-locked laser is near to the inverse of its external cavity round-trip time, e.g. 3GHz for a 5cm cavity. However, the PRF may be increased by operating at a harmonic of the above PRF.3,4 This may be useful if the minimum cavity length is fixed because of optical components within it. When operated at the third harmonic, three individual pulses circulate in the cavity, and each is amplified as it passes through the laser chip. This letter presents numerical results showing that, under certain conditions, each pulse suffers from a cyclic variation in amplitude. Further, the variations for individual pulses are phase-locked to the other pulses' variations. This gives rise to a 'three-phase' effect, because the loci of the peaks of the three individual phases trace out three sine waves. This effect is important because it will be detrimental to the operation of OTDM systems. However, its experimental observation has not yet been reported, probably because of measurement limitations, such as the use of SHG autocorrelat i~n .~ Alternatively, the effect may have simply been mistaken for noise as measurements for first-harmonic operation have also shown large amplitude variation^.^ Numerical experiment arrangement: The system was modelled using a modified transmission-line laser model laser model (TLLM) with components to represent the external cavity delay and a 125GHz FWHM grating filter. The TLLM models the propagation of the optical fields in the time domain using equivalent voltage waves on a set of (computermodelled) transmission
The laser processes (emission and absorption) are represented by scattering matrices operating on the waves. The grating was modelled using a timedomain filter with a Lorentzian response. TLLM has the advantage, over other time-domain models, that spectral information is included. 'O,"
The laser was operated at 849.2569 nm, determined by the grating filter. The active region was 300 pm x 5 pm x 0.1 5 pm with a scattering attenuation of 13.365cm-', a group index of 4 and a confinement factor of 0.5. The material gain crosssection was 5.33 x 10-'6cm2 with a transparency carrier density of 1.2 x 10'8cm-3. The spontaneous coupling per laser cavity mode was 1 x with a bimolecular recombination coefficient of 4 x 10-'0cm3s-'. The reflectivities of the front and rear facets were 100% and 0%. The maximum power coupled back to the rear facet from the grating was 0.17 of the outward power and the output power was 0.7 of the outward power.
The model's time step was 1 ps, giving a modelled bandwidth of 500GHz around the filter wavelength. The cavity and laser round-trip delay was 340ps. The threshold current was 26,7mA, the DC bias 30mA and the AC sinewave drive 52.2mApp. The RF drive frequency was 3/342ps, chosen to give the shortest possible stable pulses.
Numerical results: Fig. 2 shows the temporal evolution of the mode-locked pulses from noise. To save space, one round-trip 
